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See Editorial on Page 1000. N onalcoholic fatty liver disease (NAFLD) is the most common form of chronic liver disease in both children and adults and threatens to become a serious public health problem. 1, 2 Indeed, estimates show that about 80 million Americans may have a fatty liver. NAFLD encompasses a wide spectrum of conditions associated with overaccumulation of fat in the liver ranging from nonalcoholic fatty liver (NAFL) or simple steatosis to nonalcoholic steatohepatitis (NASH) and cirrhosis. 3 Although NAFL typically follows a benign nonprogressive clinical course, NASH is a potentially serious condition; as many as 25% of patients may progress to cirrhosis and experience complications of portal hypertension, liver failure, and hepatocellular carcinoma. [4] [5] [6] At present, the available noninvasive tests to distinguish NASH from NAFL include clinical signs and symptoms, routine laboratory and radiological imaging tests, and combinations of clinical and blood test results. 7 Unfortunately, these tests are of limited use, and liver biopsy remains the only reliable way of diagnosing NASH and grading the severity of liver damage. However, an invasive liver biopsy is poorly suited as a diagnostic test in such a prevalent condition. There is, therefore, an urgent need to develop and validate a simple, reproducible, noninvasive test that both accurately distinguishes NASH from NAFL and determines the stage and grade of the disease. Several investigators have tried to identify potential noninvasive markers for NASH diagnosis; however, none of these markers have been externally validated. [8] [9] [10] [11] [12] [13] [14] Validation and clinical availability of such a test would not only aid clinicians in the identification of patients with NASH, but also allow for noninvasive frequent monitoring of disease progression and response to therapy. Emerging data suggest that hepatocyte apoptosis, a highly organized and genetically controlled form of cell death, may play an important role in liver injury and disease progression in NAFLD. 15, 16 Increase in hepatocyte cell death by apoptosis is typically present in humans with NASH as well as animal models of NASH but absent in those with NAFL. 17 A central consequence of the apoptotic process is the activation of the effector caspases (mainly caspase-3), which cleave a number of different substrates inside the cell-including cytokeratin 18 (CK-18), the major intermediate filament protein in the liver-resulting in the characteristic morphologic changes of apoptosis. 18 In a recent proof-of-concept study, caspase-generated CK-18 fragments were tested in the livers as well as in plasma of patients undergoing a liver biopsy for suspected NAFLD and healthy age-matched controls. 19 CK-18 fragments were significantly elevated in the NAFLD patients compared with controls, and plasma levels correlated with the expression levels in the liver. Similar results were subsequently observed in an independent population of morbid obese patients undergoing bariatric surgery. 20 The objective of the present study was to validate the clinical value of determination of the CK-18 fragment levels in blood for NASH diagnosis and assessment of disease severity in a large cohort of well-characterized NAFLD patients from different regions across the United States.
Patients and Methods
Patient Characteristics. The study was approved as an ancillary study of the Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN) and approved by the Cleveland Clinic Institutional Review Board. Our initial cohort consisted of 178 patients which included both adult and pediatric NAFLD. However, due to important differences between pediatric and adult NAFLD, we decided to report the pediatric results in a separate manuscript. Thus, the population for the current study consisted of 139 well-characterized, biopsy-proven adult NAFLD patients seen at eight different centers across the United States who are participants of the NASH CRN study. None of the patients included in this study were participants of the two previous studies on CK-18 levels from the Cleveland Clinic. 19, 20 The diagnosis of NAFLD was based on the following criteria: (1) liver biopsy features as assessed by NASH CRN pathologists; (2) appropriate exclusion of liver disease of other etiologies, including alcohol-or drug-induced, autoimmune, viral, cholestatic, metabolic or genetic disorders; and (3) plasma sample available within 3 months of baseline liver biopsy. As part of the initial screening evaluation for patient enrollment into any of the three protocols of the NASH CRN, patients undergo an extensive and thorough interrogation of alcohol consumption, including lifelong history and current consumption including the AUDIT questionnaire. Demographic, clinical and laboratory data were obtained from the NASH CRN database. In addition, 150 age-matched healthy controls from blood bank donors without clinical signs or symptoms of illness, normal aminotransferases, and no history of chronic liver disease were analyzed.
Liver Histology. The histological diagnosis of NAFLD was established by study pathologists according to their expertise. Patients were subdivided into three histological groups according to the consensus of the NASH CRN Pathology Committee: no NASH, borderline diagnosis, and NASH. The NAFLD activity score was determined for each patient. 21 The stage of fibrosis was assessed using a 4-point scale (1, mild/moderate zone 3 perisinusoidal fibrosis, or portal fibrosis only; 2, zone 3 and portal/ periportal fibrosis; 3, bridging fibrosis; 4, cirrhosis).
Measurement of Caspase-Generated CK-18 Fragments in the Blood. For all patients in our cohort, a blood sample taken within 3 months of the liver biopsy was obtained from the National Institutes of Health blood bank repository. All samples were originally processed to plasma and stored at Ϫ80°C. The plasma was subsequently used for quantitative measurement of the apoptosis-associated neo-epitope in the C-terminal domain of CK-18 by the M30-Apoptosense ELISA kit (PEVIVA, Bromma, Sweden). All assays were performed in duplicate, and the absorbance was determined using a microplate reader (Molecular Devices M2, Sunnyvale, CA).
Statistical Analysis. Descriptive statistics were computed for all variables, including medians and 25th and 75th percentiles for continuous factors. For categorical variables, frequencies and percentages were estimated. Kruskal-Wallis and Dunn's tests were used to assess whether there were any significant differences in terms of continuous clinical or serological characteristics between any of the three subject groups. Chi-square or Fisher's exact tests were used for categorical factors. Spearman's correlation coefficient was used to estimate the association of plasma CK-18 levels and several factors of interest. CK-18 levels were categorized into quartiles, and a Cochran-Armitage trend test was used to assess whether the percentage of subjects with NASH increased with increas-ing levels of CK-18; the same was done for fibrosis. Logistic regression analysis was used to assess the association between plasma levels of CK-18 fragments and the likelihood of having NASH as opposed to not having NASH (no NASH or borderline diagnosis). Receiver operating characteristic (ROC) curve analysis was used to assess the use of CK-18 in the diagnosis of NASH. A multivariate logistic regression analysis was performed in order to adjust for variables that were found to be associated with CK-18 fragments in the univariate analysis or those known to be associated with NASH severity (fibrosis, alanine aminotransferase [ALT], aspartate aminotransferase [AST], age, biopsy length). Inclusion of variables was assessed using a stepwise selection method, which started with a model containing only one constant term and evaluated adding or deleting factors from the model until no additional terms could enter the model on the basis of a P value Ͼ 0.50, and no factors could be eliminated from the model on the basis of a P value Ͻ 0.20. The same was done to assess the use of CK-18 levels in the prediction of having fibrosis. A P value of 0.05 was considered statistically significant. SAS version 9.1 software (SAS Institute, Cary, NC) and R 2.0.1 software (The R Foundation for Statistical Computing) were used to perform all analyses.
Results

Characteristics of the Patient Population.
The main clinical and laboratory characteristics of the patients are described in Table 1 . Patient's age (median 48 years), sex (63% females), racial distribution (median of 79% of Caucasians), and body mass index (median 34 kg/m 2 ) did not statistically differ between the three histological NAFLD groups. There was no difference in the prevalence of hypertension, hyperlipidemia, or diabetes among groups. AST levels were significantly higher in subjects with NASH versus those without NASH (P Ͻ 0.01); there was no evidence to suggest a difference between subjects without NASH and those with a borderline diagnosis (P ϭ 0.33). ALT and AST/ALT ratio were not significantly different among the groups. Table 2 summarizes the histological characteristics of the patient population. There were 44 patients (31%) without NASH on liver biopsy, 26 (19%) with borderline diagnosis, and 69 (50%) with NASH. (Fig. 2) . On the other hand, there was no evidence to suggest a difference in CK-18 fragment levels between subjects without NASH and those with a borderline diagnosis (P ϭ 0.41).
CK-18 fragment levels showed a significant positive correlation with NAS (r ϭ 0.51; 95% confidence interval [CI] 0.36-0.65), as well as the individual NAS components, although the strength of the association with the latter ones was only weak to moderate (Table 3 ). In addition, CK-18 fragment levels correlated with serum aminotransferases, including ALT (r ϭ 0.55; 95% CI 0.41-0.69) and AST (r ϭ 0.59; 95% CI 0.45-0.72), and the stage of fibrosis (r ϭ 0.36; 95% CI 0.21-0.51). However, CK-18 fragment levels did not differ significantly according to age of the patients or body mass index or the presence or absence of diabetes, hyperlipidemia, or hypertension (P Ͼ 0.35).
CK-18 Fragments as an Independent Predictor of NASH.
The risk of having NASH on liver biopsy increased with increasing CK-18 fragment levels (P ϭ (Table 4) .
To ascertain whether plasma CK-18 fragment levels independently predicted the presence of NASH, we used a multivariate logistic regression analysis. Variables associated with CK-18 fragment levels and those that are known to be associated with NASH severity (fibrosis stage, age, body mass index, AST/ALT ratio, diabetes, and hyperlipidemia) were studied as possible confounders of the association between NASH and plasma levels of CK-18 fragments. The adjusted OR 1.2 (CI 1.05-1.5) was similar to the unadjusted OR, confirming that CK-18 fragment level is an independent predictor of NASH diagnosis (P Ͻ 0.01). Using the area under the ROC curve (AUROC) approach, we next calculated potential cutoff values to separate patients with NASH from those without NASH or borderline diagnosis (Fig. 3) . (Table 5) .
Discussion
NAFLD prevalence has grown to epidemic proportions, affecting close to 30% of adults and 10% of children in the United States. 1, 22 Long-term longitudinal studies suggest that NAFL has a benign nonprogressive clinical course, whereas NASH is a serious condition with increased risk of both overall and liver-related morbidity and mortality. [4] [5] [6] Moreover, the prognosis of patients with NASH appears to be dictated by the presence and extent of fibrosis present on liver biopsy. [4] [5] [6] Thus, at present, an invasive liver biopsy is the only reliable way to diagnose the presence of NASH and assess the severity of liver damage present. 23 There is, therefore, an urgent need to develop and validate a simple, reproducible, noninvasive test that accurately distinguishes NASH from NAFL and determines the stage of the disease. Such a test would not only aid clinicians in the identification of patients with NASH, but would also allow for noninvasive frequent monitoring of disease status, response to therapy, and prediction of disease progression risk.
Emerging data suggest that hepatocyte apoptosis may play an important role in the pathogenesis of NAFLD. 15 Hepatocyte apoptosis is a prominent pathological feature of human NASH, 17 and the magnitude of apoptosis present correlates with degree of liver damage and stage of fibrosis. Experimental studies suggest that uncontrolled hepatocyte apoptosis may be a central mechanism triggering liver fibrogenesis and fibrosis. 24 For instance, attenuation of hepatocyte apoptosis also reduces fibrogenesis in animal models of cholestasis, 25, 26 while hepatocyte-specific genetic disruption of the antiapoptotic member of the Bcl-2 family, Bcl-xL, results in hepatocyte apoptosis and liver fibrotic responses. 27 This latter model is highly illustrative because it directly demonstrates that hepatocyte apoptosis is profibrogenic. Engulfment of apoptotic bodies by hepatic stellate cells stimulates the fibrogenic activity of these cells and may be one mechanism by which hepatocyte apoptosis promotes fibrosis. 28 Recent data also demonstrated that DNA from apoptotic hepatocytes acts as an important mediator of hepatic stellate cell activation. 29 Thus, noninvasive quantification of hepatocellular apoptosis represents a rational approach to as- Fig. 3 . CK-18 fragment levels for diagnoses of NASH. CK-18 fragment levels accurately diagnose NASH in patients with NAFLD. The area under the ROC curve is shown for the performance of the CK-18 fragment levels for discriminating NASH from borderline and not NASH diagnosis.
sess the extent of liver damage and fibrosis present in the liver at a given time and also fibrogenesis and the risk for disease progression over time. In hepatocytes, regardless of the triggering stimuli, the apoptotic process tends to converge at the level of the mitochondria resulting in permeabilization of the mitochondrial outer membrane and release of multiple proteins from the mitochondrial intermembrane space into the cytosol. 30, 31 The result of this process is the activation of the effector caspases (mainly caspase-3), which cleave different substrates inside the cell-including CK-18, the major intermediate filament protein in the liver-resulting in apoptosis. 23, 32 Recently, in a small pilot study using a specific enzymelinked immunosorbent assay, we showed that these fragments were strikingly increased in the serum of patients with NASH and correlated with the presence of fibrosis. 19 Moreover, we showed that this marker accurately predicted NASH in an independent population of morbid obese subjects, 20 while other groups have subsequently reported similar results. 33, 34 Using this approach, we were able to demonstrate that determination of CK-18 fragments in blood accurately identifies the presence of NASH on liver biopsy. The CK-18 test is able to detect the presence of NASH with a specificity of more than 90%, or to exclude the presence of NASH with a sensitivity close to 80% by adopting different test thresholds.
The current study has several strengths. We included a large group of well-characterized NAFLD patients followed at eight different centers across the United States that form the NASH NIH Clinical Research Network. The cohort comprises a large variety of different ages and ethnic backgrounds. One limitation of our study is the fact that we used liver biopsy as the gold standard for assessing the use of the CK-18 test. This technique has important limitations, including those associated with sampling errors as well as intraobserver and interobserver variability which at least in part may be linked to liver biopsy size. 35 However, a series of studies looking at sampling error in NAFLD have demonstrated that this is more of an issue for the individual histological findings of necroinflammatory activity and hepatocyte ballooning, but much less so for the diagnosis of NASH and staging of fibrosis. 36, 37 Similar to what has been reported, 7 in our study routinely available laboratory tests did not show sufficient sensitivity and specificity to diagnose NASH. Also, adding these tests to the CK-18 fragment determination to create a prediction model did not appear to improve further the diagnostic value of CK-18 fragment levels alone. Other approaches such as combining CK-18 fragment levels with other chemical markers, 33 ,38 prediction models such as NashTest, 11 or imaging studies such as tissue elastography 39 warrant further investigation.
In conclusion, our findings suggest that noninvasive monitoring of hepatocyte apoptosis in blood of patients with NAFLD is a reliable tool to diagnose NASH in patients with suspected NAFLD, supporting its potential usefulness in clinical practice as a noninvasive biomarker of NASH.
